Rationale Amongst non-smokers, nicotine generally enhances performance on tasks of attention, with limited effect on working memory. In contrast, nicotine has been shown to produce robust enhancements of working memory in nonhumans. Objectives To address this gap, the present study investigated the effects of nicotine on the performance of non-smokers on a cognitive battery which included a working memory task reverse-translated from use with rodents (the odor span task, OST). Nicotine has been reported to enhance OST performance in rats and the present study assessed whether this effect generalizes to human performance. Methods Thirty non-smokers were tested on three occasions after consuming either placebo, 2 mg, or 4 mg nicotine gum. On each occasion, participants completed a battery of clinical and experimental tasks of working memory and attention. Results Nicotine was associated with dose-dependent enhancements in sustained attention, as evidenced by increased hit accuracy on the rapid visual information processing (RVIP) task. However, nicotine failed to produce main effects on OST performance or on alternative measures of working memory (digit span, spatial span, letter-number sequencing, 2-back) or attention (digits forward, 0-back). Interestingly, enhancement of RVIP performance occurred concomitant to significant reductions in self-reported attention/concentration. Human OST performance was significantly related to N-back performance, and as in rodents, OST accuracy declined with increasing memory load. Conclusions Given the similarity of human and rodent OST performance under baseline conditions and the strong association between OST and visual 0-back accuracy, the OST may be particular useful in the study of conditions characterized by inattention.
The integration of clinical research with animal models of behavior is of critical importance for the development of novel therapeutics for psychiatric conditions and for the treatment of substance dependence. As noted by other authors, validated cross-species tasks are needed to provide a framework for translation and to better operationalize cognitive constructs across species (Young and Geyer 2015) . The development of the odor span task (OST) represents an effort towards this aim. Developed initially for rats (Dudchenko et al. 2000) , and subsequently adapted for use with mice (Young et al. 2007b) and with humans (Levy et al. 2003) , the OST allows for analogous assessment of short-term memory capacity (the amount of information to remember) across species. In rodents, this is accomplished by exposing the animal to a variety of odors, to which the animal can provide a response, in a series of trials. In the first trial, the rodent is exposed to a single odor and a response yields a food reward. In the second trial, the rodent is exposed to both a novel odor, and the odor presented in the first trial. Only a response to the novel odor yields a reward. In Electronic supplementary material The online version of this article (doi:10.1007/s00213-017-4680-z) contains supplementary material, which is available to authorized users. each subsequent trial, a single novel odor is presented alongside odors which had been used in earlier trials. Again, reinforcement is only provided for a response to the novel odor. As trials progress, accurate performance requires that the subject identify, and inhibit responses to, an ever increasing list of odors.
Given the ethological importance of olfaction to rodents, they reach high levels of accuracy on the OST and continue to perform well when tested with as many as 72 odors . Importantly, accuracy declines across trials of the task demonstrating that performance is sensitive to how many odors need to be remembered (capacity-dependent). Several control procedures have been used with rodents to confirm that this effect does not result from reward satiation, or a progressive dulling of olfactory acuity Galizio et al. 2013; MacQueen et al. 2011; MacQueen et al. 2016) . In assessing capacity effects, the OST fills a critical gap in the testing of short-term memory across species. Working memory tasks for rodents have largely focused on the maintenance of information across delays using paradigms such as the radial arm maze, water maze, t-maze, or in delayed match/non-match to sample. However, in humans, working memory is described in terms of short-term memory stores of limited capacity that require controlled attention (Baddeley 2003; Saults and Cowan 2007) . Accordingly, assessment of capacity is the primary way in which working memory is evaluated clinical practice (e.g., digit span, spatial span, letter-number sequencing).
The OST has been previously adapted for human testing; however, questions remain regarding the construct validity and clinical relevance of the task. Capacity dependence has yet to be demonstrated in humans, and at present, it is unclear how human OST performance relates to commonly used assessments of working memory and attention. In addition, the neurobiological substrates of human OST performance remain ambiguous. In a case-control study, patients with brain lesions limited to the hippocampal region were significantly impaired on the OST relative to healthy participants (Levy et al. 2003) . This contrasts with findings in rodents in which lesions of the medial prefrontal cortex (mPFC; Davies et al. 2013b ), but not hippocampus (Dudchenko et al. 2000) , grossly impair performance. However, it should be noted that patients in the human study still performed reasonably well on the OST (approximately 80% accuracy), and thus, the observed impairment may reflect the contribution of a hippocampus-dependent mnemonic process in human OST performance.
In rats, OST performance is selectively impaired by systemic administration of NMDA receptor antagonists Galizio et al. 2013; MacQueen et al. 2011; MacQueen et al. 2016 ) but not by opioids or GABA agonists.
Cortical glutamate activity appears critical as local administration of NMDA or AMPA receptor antagonists into the medial prefrontal cortex (mPFC) of mice grossly disrupts performance (Davies et al. 2013a) . Rodent studies have also demonstrated that OST performance is sensitive to cholinergic manipulations. In rats, performance of the odor span task is transiently disrupted by lesioning of the basal forebrain cholinergic system (Turchi and Sarter 2000) . Performance decrements have also been observed in α7 nicotinic subunit knockouts (Young et al. 2007a ) and in human amyloid overexpressing mice (Young et al. 2009 ). Notably, direct facilitation of OST performance after administration of nicotinic agonists has been reported in rats (Rushforth et al. 2010) . Taken together, these findings suggest that OST performance is sensitive nicotinic receptor activity in non-human animals.
To advance the translational utility of the OST, the present study established a human OST testing paradigm incorporating control procedures back-translated from rodent designs. As in Levy et al. (2003) , participants sampled odors presented in opaque test tubes which contained household spices. However, a two-comparison procedure was adopted in which the novel odor is always presented with a single comparison odor chosen from the set of odors presented on earlier trials. Limiting the number of comparison odors presented allowed for an unbiased assessment of capacity effects. If participants were to choose the novel odor from an increasing choice set of comparison odors, declining accuracy would be inherently confounded with declining chance performance. In addition, participants were well trained to discriminate two odors not used in the OST. This simple discrimination was subsequently tested at multiple points during of the OST. High levels of accuracy on the simple discrimination during OST testing demonstrated motivation to respond accurately, ability to discriminate odors, and intact memory of a well-learned odor association.
With the introduction of the aforementioned control procedures, the human OST adaptation is well suited for pharmacological testing and may be useful for bridging gaps in the translation of human and rodent experiments. In particular, the task could aid in clarifying the cognitive effects of nicotine. A meta-analysis of studies with non-smokers, non-deprived smokers, and minimally deprived smokers (less than 2 h) determined that nicotine produces significant enhancements in fine motor ability, sustained attention accuracy and reaction time, orienting attention reaction time, short-term episodic memory, and working memory reaction time (Heishman et al. 2010 ). Significant effects were not observed for orienting attention accuracy, long-term episodic memory accuracy, or working memory accuracy. In contrast, nicotine enhancement of working memory is frequently reported in studies of nonhuman mammals (Buccafusco et al. 2009; Levin et al. 2006) . It is unclear whether this discrepancy represents a divergence of neurocognitive processes across species or rather, stems from methodological differences in the administration of nicotine or in the assessment of working memory. Delineating the cognitive effects of nicotine is of critical importance as enhancement of attention has been suggested as a mechanism contributing to tobacco dependence, particularly amongst individuals with attentional impairments, who smoke at elevated rates. Given that the OST is sensitive to cholinergic manipulations and systemic nicotine effects have been observed in rats, the present study evaluated the effects of nicotine on human OST performance. It was expected that nicotine would facilitate OST performance as observed in rodents.
Given the novelty of the OST, a secondary goal of the study was to examine convergent and divergent validity of the OST with well-validated cognitive tasks. Though the OST has been most frequently described as a working memory task (Dudchenko et al. 2000; Young et al. 2007b) , it has been suggested that OST performance may more adequately reflect attentional processes (Young et al. 2007a ). To evaluate construct validity of the OST, participants were additionally tested on a cognitive battery including self-report, clinical measures (digit span, spatial span, letter-number sequencing), and experimental tasks (rapid visual information processing (RVIP), N-back) of attention and working memory. We expected OST measures to demonstrate convergent validity with the accuracy measures of attention-related tasks such as RVIP, 0-back, and the forward components of clinical working memory tasks. In contrast, odor span measures were not expected to associate with accuracy on complex working memory tasks. As a control measure, it was also expected that simple discrimination performance would show diverge with OST performance and all measures of attention or working memory. In addition to evaluating validity of the OST, the inclusion of a wide cognitive battery allowed for a broad evaluation of nicotine effects. It was expected that nicotine would enhance performance of attention-related tasks, consistent with prior human studies.
Methods

Experimental design
Participants completed three experimental sessions, each spaced at least a week apart, and consumed placebo or one of two doses of nicotine gum before testing in each session. The order of doses was counterbalanced across participants in this double-blind placebo controlled within-subjects design.
Participants
Non-smokers between the ages of 18 and 54 were recruited from the Tampa area through internet, newspaper, and radio advertisements. Participants were excluded if they reported more than five uses of a nicotine product during their lifetime or any past year use, submitted a breath sample with carbon monoxide greater than 3 ppm, or if recent illicit substance use was reported or identified by urinalysis. Participants were also excluded if they had any history of heart disease, high blood pressure, any blood circulation disorder, phenylketonuria, asthma, food allergies, or a dental condition prohibiting gum chewing. Participants were screened for psychiatric illness using the Structured Clinical Interview for DSM-IV (First et al. 1994 ) and were excluded if they met criteria for a current mood episode, a psychotic disorder, substance dependence, or panic disorder. Female participants were excluded if pregnant or if the possibility of pregnancy during the study was expected.
Procedures
Experimental sessions
Each experimental session began with the administration of gum delivering 2 mg or 4 mg nicotine, or placebo gum. Participants then completed a series of self-report questionnaires assessing current physiological and emotional state. Subsequently, participants completed the clinical and experimental tasks. The OST was always administered first followed by the digit span, letter-number sequencing, and the spatial span tasks of the WMS-III (Wechsler 1997) ; the rapid visual information processing task (RVIP); and the N-back task in a quasi-random order (three possible orderings).
Nicotine administration
Nicotine and placebo gums were prepared by the experimenter and provided to research staff who were blind to the dose. A placebo procedure described by Kleykamp et al. (2005) was used to mask active doses. Nicotine gum (Nicorette® Freshmint™) or a similar style gum (Dentyne Ice®) was wrapped with Wrigley's sugar-free peppermint gum and received two drops (0.1 ml) of hot sauce. Participants were prompted by a tone to chew their gum at 3-s intervals over 15 min (as in Houtsmuller et al. 2002; Kleykamp et al. 2005 ; Nemeth-Coslett and Henningfield 1986) while compliance was monitored by research staff. This dosing procedure has been demonstrated to produce peak blood plasma levels of 4.6 and 8.5 ng/ml for the 2-and 4-mg dose, respectively (Hindmarch et al. 1990) . Peak blood plasma concentration (Tmax) after chewing nicotine gum has been estimated at about 45 min to 1 h for the 2-and 4-mg doses with concentrations remaining substantially elevated at 180 min (Dautzenberg et al. 2007; Shiffman et al. 2009 ).
Measures
Current state measures
The Wisconsin Smoking Withdrawal Scale (WSWS) (Welsch et al. 1999) concentration subscale provided a self-report measure of attention and concentration. The 20-item Positive and Negative Affect Schedule (PANAS) (Watson et al. 1988 ) was scored to produce positive affect and negative affect scales which are internally reliable, and have been extensively validated (Watson et al. 1999) . Six items from the Feeling State Questionnaire (FSQ) (irritable, attentive, jittery, nauseous, sick, and dizzy) (Gilbert et al. 2008 ) were administered to assess commonly reported aversive effects of nicotine.
Working memory and attention tasks
All clinical assessments (digit span, spatial span, and letternumber sequencing) were conducted as specified by the WMS-III administration and scoring manual (Psychological Corporation 2002) . The N-back and RVIP task were completed on a personal computer running E-prime software (Psychology Software Tools, Inc.).
Olfactory span task The olfactory span task (OST) was adapted from procedures used by Levy et al. (2003) . The task used 22 household spices (High Quality Organics; Reno, NV) individually stored and presented in opaque plastic test tubes with stoppers; each tube 1/3 filled with ground spice. Prior to testing, participants were randomly assigned two odors (out of five odors not used in the OST) which were subsequently used in all simple discrimination control task testing for that participant.
To acquire the simple discrimination task participants received training before each session. This began with the presentation of two test tubes containing the simple discrimination odors placed in random order on a rack. Participants were instructed to sample both of the odors from left to right by removing the stopper and breathing in gently with their nose an inch above the tube. Participants were instructed to remember the last odor they had sampled. This served as the target odor in all subsequent simple discrimination testing. They were then presented with these odors repeatedly (ten trials) and asked to identify the target odor. Verbal feedback was given after each choice. The position of stimuli (left/right) was reordered behind a cardboard shield between trials. After simple discrimination training, participants were transitioned to the OST. They were instructed that on each new trial, they would be asked to either identify (but not name) the odor they had been trained to remember, or to identify an odor that they had not sampled today. The span component, depicted in Fig. 1 , began with sampling of a single odor. On each subsequent trial, a novel odor was presented alongside a comparison odor, chosen quasi-randomly from the odors presented in previous trials (no longer novel). On each trial, participants were asked to identify the novel odor. On every fifth trial, the simple discrimination odors were presented and participants were asked to report which odor they were trained to remember. Accuracy was computed for simple discrimination and OST trials. Span was recorded as the number of consecutive correct choices after the first trial. The longest span was recorded as the longest string of consecutive correct choices at any point of the OST.
N-back (0-back and 2-back) The N-back task is a computerized assessment of working memory designed to assess performance across increasing memory loads. Participants were presented with sequences of ten uppercase letters (height = 3 cm) displayed in the center of a computer screen for 250 ms with an inter-trial interval (ITI) of 2 s. They were instructed to press the left button of a response box after target stimuli and the right button after non-targets. During the 0-back component of the task, the target stimulus was the letter BX.^During the 2-back component, a target stimulus was any letter which matched the letter displayed in two presentations prior. There were a total 180 trials for each component (0-back and 2-back) including 54 targets and 126 non-targets, equally distributed across three trial blocks.
Rapid visual information processing task
The rapid visual information processing task (RVIP) (Wesnes and Warburton 1983 ) is a neurocognitive measure of sustained attention. A string of digits were presented on a monitor at a rate of 100 digits per minute (400 trials total), and participants were instructed to press the left button of a response box when three consecutive even or odd digits were presented. Eight target stimuli appeared during each minute, separated by 5-30 foils. Responses within 1500 ms of a target were scored as a hit.
Statistical analyses
Two-way repeated measures analysis of variance (ANOVA) tests were conducted to test within-subject effects of nicotine dose by gender on the performance of cognitive tasks and selfreport measures. One-way ANOVAs of task performance across testing sessions were used to assess for practice effects. In both cases, a Bonferroni correction was applied to the traditional threshold of significance (p < .05) in the analysis of each task to account for the number of performance measures assessed. For variables in which sphericity was violated, a Greenhouse-Geisser correction was made to degrees of freedom. Main effects and interactions were explored post hoc, using simple effects analysis with a Bonferroni correction for multiple comparisons. Bivariate correlation was used to determine whether human accuracy on the OST is capacitydependent as is observed in rats (MacQueen et al. 2011) and to evaluate convergent validity of the OST with other measures of working memory and attention.
Results
Participant characteristics
Thirty participants completed all the three experimental sessions of the study. However, two participants were excluded from analyses; one due to failure to follow task instructions, and a second who produced chance level performance on multiple tasks. Participant characteristics are presented in Table 1 .
Subjective effects of nicotine
As depicted in Fig. 2 , participants reported feeling significantly more nauseous [F(2,54) = 11.412, p = .001, ▪ 2 = 0.305], sick [F(2,54) = 11.655, p = .001, ▪ 2 = 0.310], and dizzy [F(2,54) = 18.147, p < .001, ▪ 2 = 0.411] after receiving gum containing nicotine. In each case, report of these sensations was significantly greater after the high dose when compared with either the low or placebo doses (p's < .05). No effect of nicotine was observed on reports of feeling Battentive,B jittery,^or Birritible^(p > .05). No other effects of nicotine, gender, or their interaction were detected for any measure of the FSQ or the PANAS (p's > .05).
As presented in 
Practice effects
Given that all cognitive testing was completed within subject, performance measures were also evaluated across the three testing sessions to assess for practice effects. A significant effect of session was detected for the total score measures of both the spatial span [F(2,54) = 5.831, p = .005, ▪ 2 = 0.178] and letter-number sequencing [F(2,54) = 4.699, p = .013, ▪ 2 = 0.148] tasks. In both cases, post hoc tests revealed that performance was improved at the third session relative to the first (p's < .05). Practice effects were also detected in 2-back reaction time to both target [F(2,54) = 9.968, p = .001, ▪ 2 = 0.270] and distractor [F(2,54) = 7.270, p = .004, ▪ 2 = 0.212] stimuli. For both measures, reaction time was significantly reduced in the third session relative to both prior sessions (p's < .05). Lastly, a significant effect of session was detected on the longest backward sequence of the digit span [F(2,54) = 4.539, p = .015, ▪ 2 = 0.144] in which performance was improved on the third session relative to the second (p < .05).
Validation of the odor span task
After placebo, two thirds of participants provided perfect performances during odor discrimination training and 75% were perfect on subsequent odor discrimination trials (m = 85.71%, std = 27.58%). Span ranged from 0 to 16 (m = 4.71, std = 3.53), and average accuracy was 77.86% (std = 10.58%). To evaluate the effect of memory load on accuracy, accuracy was computed across participants at each trial of the OST. As reported above, nicotine failed to produce significant effects on odor span accuracy. As such, accuracy for all the three sessions (placebo, low dose, and high dose) were averaged for each participant to produce a more reliable estimate of accuracy at each span length. An illustration of odor span performance by dose is included in supplementary materials (Fig. S1 ). As depicted in Fig. 5 , a significant negative correlation (r = −.607, p = .006) was detected between accuracy and the number of odors to remember, reflecting a capacity-dependent effect on odor span accuracy. A depiction of accuracy on the four odor discrimination trials, collapsed across doses, is provided in the supplementary materials (Fig. S2) . A one-way repeated measures ANOVA of simple discrimination performance found no differences accuracy across trials, [F(3,81) = .808, p > .05].
The association between measures derived from the odor span task after receiving placebo gum is presented in Table 2 . An adjusted significance threshold (p < .005) was used to control for the number of associations considered (10). As expected, the odor discrimination measures (simple discrimination training and simple discrimination accuracy) demonstrated a strong significant positive association with each other (r = .711, p < .001) but, not with the mnemonic odor span measures (all p's > .05). Each of the three mnemonic odor span indices demonstrated a significant association with the other mnemonic measures (r's ranging from .584-.713; all p's ≤ .002). A positive relationship between simple discrimination training accuracy and span trended towards significance (r = .474, p = .011) but did not reach the adjusted threshold.
The association of odor span performance with measures derived from the cognitive battery are presented in Table 3 . As each odor span measure was compared with 21 measures derived from the other tasks, the threshold used to identify significant associations (p < .002) was determined by adjusting for the number of comparisons made with each odor span measure. As expected, neither of the odor discrimination measures produced a significant association with any of the measures from the six cognitive tasks (all p's > .05). As shown in Fig. 6 , odor span accuracy demonstrated a moderate significant positive association with 0-back hit rate (r = .589, p = .001). Similar positive trends were observed between span and 0-back hit rate (r = .408, p = .031) and between longest span and 0-back hit rate (r = .434, p = .021) though these associations did not reach the adjusted significance threshold. Span demonstrated a trend-level positive association with 2-back target reaction time (r = .411, p = .030) and with 2-back distractor reaction time (r = .442, p = .018). Trends were also observed between longest span and 2-back hit rate (r = .403, p = .033).
Discussion
A primary aim of the present study was to provide comparative data regarding human performance on the OST. Building upon methods of human OST testing described by Levy et al. (2003) , the present study adapted control procedures for the OST which were developed in rodent designs (MacQueen et al. 2011; MacQueen et al. 2016 ). This included repeated testing of olfactory discrimination during the OST. As in rats, −.124 † p < .05, * p < .002. Adjusting for multiple comparisons within each odor span measure, associations meeting a threshold of p < .002 were deemed statistically significant humans achieved higher accuracy on these simple discrimination trials (85.7%) when compared with OST trials (77.9%) after placebo. OST accuracy was lower than was observed in healthy controls (90.6%) in the Levy et al. (2003) study. This was somewhat expected as the present design included more odors in the OST (20 total). The present study also observed lower mean span (4.71) than previously observed. Though, as has been observed in rats Galizio et al. 2013; MacQueen et al. 2011) , participants frequently responded with high rates of accuracy even after an initial error. As such, the longest span of the session (longest string of consecutive correct responses) was considerably higher (6.82).
Given that the OST is unique in evaluating capacity effects in rodents, evidencing capacity effects in human performance is particularly pertinent to the translational utility of task. To accommodate an analysis of capacity effects, a two-choice procedure (one novel and one comparison odor) was adapted for the human OST. In a standard OST, the number of odors to be remembered and the number of choices presented increase in tandem. The confound between capacity and chance performance complicates evaluation of capacity effects on performance, especially given that accuracy has been shown to decrease as the number of comparison stimuli presented increases in rats ). The two-choice procedure avoids this problem as chance performance is equated across all trials after the first at 50%. As is observed with rats, a negative association between accuracy and the number of odors to be remembered was detected in our sample. This trend was not observed across odor discrimination trials suggesting that declining accuracy is not easily accounted for by fatigue, impairment in odor discrimination, or task motivation.
Though odor span performance appears to be capacity-dependent, the task has not been demonstrated to index a limited capacity memory process of the kind proposed in contemporary models of human working memory. As noted in rats (see April et al. 2013 ) and observed presently in humans, performance does not fail entirely after an initial error, as is seen in traditional span tasks (i.e., digit span). We observed accuracy well above chance at the highest memory load (19 odors) and rats perform above chance with at least 71 odors . A capacity limit for either species has yet to be identified, and it has been suggested that the OST may assess function of a near limitless form of recognition memory akin to picture recognition in humans .
The control procedures introduced into the human OST also improve the suitability of the task for pharmacological testing. The effect of nicotine on human OST performance was of particular interest in that it is a reputed cognitive enhancer, and cholinergic manipulations have been found to impact OST performance in rodents (Rushforth et al. 2010; Turchi and Sarter 2000; Young et al. 2007a) . No effect of nicotine was detected, however, on any of the measures derived from the human OST. Nicotine has been reported to improve span on the OST in rats (Rushforth et al. 2011) . While this may reflect a species difference, methodological considerations warrant consideration. In rats, nicotine enhancement of OST performance was demonstrated in a procedure in which the task was terminated after the first error. This OST variant yields a span measure but does not provide an overall accuracy measure as subjects vary with regard to trials completed. In the present study, increases in span were observed across doses of nicotine but this effect did not reach significance. The effect of nicotine on overall accuracy has yet to be assessed in rodents. It is also worth noting that nicotine did not reverse NMDA antagonist-induced OST accuracy deficits (MacQueen et al. 2016) , the nicotinic antagonist scopolamine did not selectively impair OST accuracy (Galizio 2016; Galizio et al. 2013) , and other reputed cognitive enhancing stimulant drugs, such as methylphenidate, have not been found to improve accuracy in rats (Galizio 2016; Galizio et al. 2016) .
The effects of nicotine were also tested on a battery of attention and working memory tasks. Delineating cognitive processes enhanced by nicotine is important as it has been suggested that cognitive enhancement may serve to motivate and reinforce tobacco smoking in some individuals (Evans and Drobes 2009) . Amongst non-smokers, nicotine dosedependently improved RVIP accuracy. This corroborates earlier findings of enhanced RVIP accuracy after nicotine gum (4 mg) in non-smokers (Knott et al. 2011) . Increased Bfast hits^(hits occurring in ≤450 ms) have also been observed on the RVIP task in non-smokers receiving subcutaneous injections of 0.3 and 0.6 mg of nicotine (Foulds et al. 1996) , and RVIP hits tended to improve in non-smokers after nicotine delivered by an inhaler (File et al. 2001) . However, in contrast with Foulds et al. (1996) and Knott et al. (2011) , significant reductions in RVIP hit reaction time were not observed presently. The RVIP is a target detection task measuring sustained attention. That is, detection of stimulus events which occur infrequently and unpredictably over extended periods of time (Sarter et al. 2001) . Alternative continuous performance tests have also been used to assess the effects of nicotine on sustained attention, revealing robust enhancements amongst smokers in deprivation and more limited evidence of enhancement in non-smokers (Heishman et al. 2010; Heishman et al. 1994) . Interestingly, the enhancement of RVIP performance reported presently occurred in the context of self-reported impairments in attention. That participants reported increased difficulty with attention after the high-dose nicotine gum suggests that the enhancement of RVIP accuracy is not easily accounted for by participant expectancies regarding nicotine effects. That nicotine did not impact RVIP reaction time suggests that RVIP effects do not simply reflect enhancement of sensorimotor abilities.
The present study also included alternative measures of attention, most notably the 0-back component of the N-back task, which requires participants to indicate whether sequentially presented stimuli match a predefined target. In contrast to the RVIP, which requires responses only when three even or odd digits are presented in a row (requiring memory of the last two stimuli presented), the 0-back task has no mnemonic demand. As such, one might expect 0-back to be more sensitive to the attention facilitating effects of nicotine. However, in the present study, RVIP hit rate was 43% (median = 42%) during placebo sessions, compared with 93% (median = 95%) for the 0-back. Thus, a ceiling effect may have limited the ability to observe an enhancement effect of nicotine on 0-back accuracy. It is also worth noting that the tasks also differed with regard to the speed of stimulus presentation (1:600 ms for RVIP; 1:2250 ms for 0-back) and response requirement (after targets for RVIP; every trial for 0-back). Across a range of delivery methods, nicotine generally has not produced significant effects in N-back accuracy amongst non-smokers (Heishman et al. 2010; Kleykamp et al. 2005) . A notable exception is reported by Kumari et al. (2003) who observed improved 0-back accuracy after subcutaneous doses of nicotine (12 μg/kg body weight) in 11 male non-smokers.
Nicotine did not impact any of the clinical measures of working memory in the present sample. While these tasks receive widespread use in clinical neuropsychology, they have been less commonly used to evaluate the effects of nicotine/ smoking. In limited study, impairments in digit span performance have not been observed amongst nicotine-deprived smokers or non-smokers (Jones et al. 1992; Merritt et al. 2012; Merritt et al. 2010 ). To our knowledge, the present study represents the first test of the effects of nicotine on the spatial span and letter-number sequencing tasks conducted in healthy non-smokers. It should be noted, however, that significant practice effects were detected on all three clinical tasks (digit span, spatial span, and letter-number sequencing) and reaction time within the 2-back task, which may have interfered with detection of nicotine effects. Thus, between-group testing may be more fruitful for detecting drug effects with these tasks.
The association of measures from cognitive battery was also assessed to evaluate validity of the OST. As expected, the odor discrimination training and performance measures correlated strongly with each other but did not associate with primary odor span measures or correlate with any other measure of human attention or working memory. In contrast, significant relationships were detected between OST and N-back measures. In general, odor span performance appears to be most related to 0-back performance, somewhat associated with 2-back performance, and demonstrated no relationship with other span tasks.
The relationship between odor span accuracy and hit rate on a visual/symbolic N-back task suggests that odor span measures may index neurocognitive processes of attention and recognition which are shared across tasks employing disparate stimulus modalities. Several psychiatric conditions are characterized by inattention, as evidenced by deficits in N-back performance, including ADHD (Karatekin et al. 2009; Klein et al. 2006; Shallice et al. 2002) and schizophrenia/psychosis (Haatveit et al. 2010; Jansma et al. 2004; Karatekin et al. 2009 ). While these conditions are also associated with working memory deficits, inattention may underlie deficits observed in these groups on more complex working memory tasks (Karatekin et al. 2009 ).
The OST has been acknowledged as a promising tool for preclinical models of schizophrenia (Dudchenko et al. 2013 ) and the present study lends credibility to the translational merits of the task. While other cross-species tasks of attention and recognition have been developed, this OST variant is unique in that it includes control procedures for assessing effects on stimulus discrimination and motivation. The availability of a validated task utilizing olfactory stimuli also provides a means by which to distinguish shared and distinct neurocognitive processes involved in attention across stimulus/sensory modalities. Further, the odor span task may be particularly useful for evaluating the neurocognitive pathology of conditions associated with changes in olfaction such as Alzheimer's disease (Devanand et al. 2000; Gilbert et al. 2004; Gilbert and Murphy 2004a, b) and PTSD (Croy et al. 2010; Dileo et al. 2008) .
With regard to nicotine effects, a strength of the present study is that interpretation of nicotine effects is not complicated by a history of nicotine exposure given that the sample was constrained to participants with a very limited history of nicotine use. However, it is plausible that this criteria biased the sample towards individuals who experience only limited positive effects of nicotine or are especially sensitive to the aversive effects of nicotine. Participants did indeed report dose-dependent increases in aversive nicotine effects which may have counteracted cognitive enhancing effects. Future studies might utilize a younger sample to avoid individuals who have opted out of initiating regular smoking as a result of aversive reactions to nicotine. It is also worth noting that the present sample was screened for medical and psychiatric conditions, as well as substance use. This was done for participant safety and to avoid potential confounding cognitive effects of these variables. However, this also limits generalizability of the findings to non-smokers free of the aforementioned conditions. It has been suggested that cognitive enhancing effects of nicotine may be more pronounced in individuals who have relative deficits in certain cognitive domains (Evans and Drobes 2009) . To the extent that deficits are associated with the excluded conditions, the sample may have been biased towards individuals less likely to show nicotine-induced cognitive enhancement. As a whole, the inclusion/exclusion criteria used presently allowed for timely recruitment of a non-smoking sample larger than is typical of experimental studies of nicotine (see Heishman et al. 2010) .
In sum, the odor span task was successfully adapted for humans with the inclusion of control procedures reversetranslated from non-human designs. Human odor span performance demonstrated capacity effects, as are observed in rats, and was positively associated with accuracy on a visual/ symbolic 0-back task. Thus, the odor span task may be best conceptualized as an attention or recognition memory task which is sensitive to capacity effects. As such, it may be particularly useful in preclinical models of disorders characterized by impaired attention or selective olfactory deficits.
